Cineangiograms of 138 patients who underwent percutaneous transluminal coronary angioplasty (PTCA) were analyzed with a computer-based coronary angiography analysis system. The results before and after dilatation are presented. In a first study group (120 patients), the severity of the obstructive lesions derived from the automatically detected contours was evaluated in absolute terms and in percent-diameter reduction. In a second group of patients, 18 coronary lesions were selected for their extreme severity and symmetric aspect before angioplasty as assessed from multiple views. In the second group, the densttometric percent-area stenosis was used to assess the changes in crosssectional area after PTCA and was compared with the circular percent-area stenosis computed from the diameter measurements. Before PTCA, a good agreement exists between the densitometric percent-area stenosis and the circular percent-area stenosis. After PTCA, important discrepancies between these 2 types of measurements are observed. It is suggested that these discrepancies in results after PTCA can be accounted for by asymmetric morphologic changes in luminal cross section, which cannot be assessed accurately from diameter measurements in a single-plane view.
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Previous studies of the hemodynamic effect of stenosis in an artery have shown that the most critical determinant of the severity is the minimal luminal crosssectional area.l Assessment of the percent-area reduction in a stenotic area from the diameter measurements obtained from a single projection assumes a symmetric circular cross section, an assumption that is not always correct.2t Even a technique of quantitating area stenosis from 2 orthogonal measurements and computing the area based on an elliptical model would fail to describe an asymmetric lesion accurately. 4 However, if a relation between the thickness of the irradiated object and the density level in the angiographic image could be derived, the true luminal cross sections of a contrast-filled coronary artery could be computed, even from a single x-ray projection.5 From these observations, it is clear that an objective and reproducible technique of quantitating percent changes in cross-sectional area stenosis is needed if one is to evaluate the efficacy of transluminal coronary angioplasty in a quantitative sense.
Cineangiograms of 138 patients who underwent percutaneous transluminal coronary angioplasty (PTCA) were analyzed with a computer-based coronary angiograph analysis system. The results from diameter and densitometric area measures before and after dilation are presented.6>7
Methods
Quantitative analysis of coronary obstructions: Contour detection: The quantitative analysis of selected coronary segments was performed with the help of a computer-based coronary angiography analysis system; this system has been described extensively elsewhere. [5] [6] [7] To analyze a selected 35-mm cineframe, the film is placed on a specially constructed &e-video converter. This converter consists of a standard 35-mm Vanguard@ cinefilm transport mechanism, a drum with 6 different lens systems and a high-resolution video camera mounted on a motor-driven x-y stage. 5, 8 By means of this tine-video converter, any portion The computerized analysis of a selected coronary segment requires the manual definition of a number of center positions within the segment by means of the writing table. A smooth continuous curve, the centerline, is subsequently generated through these center positions. This centerline determines regions of interest of size 96 X 96 pixels, encompassing the arterial segments to be digitized. Contour positions are detected along scanlines perpendicular to the local centerline directions on the basis of the fit and second derivative values of the brightness information.7 A smoothing procedure is applied to each of the detected contours and all contour positions are corrected for pincushion distortion introduced by the image intensifier.
Calibration of the diameter data is achieved by using the intracardiac catheter as a scaling device. To this end, the contours of part of the projected catheter are detected automatically in a way similar to that described for the arterial segment.
From the final contours, the diameter function is determined by computing the shortest distances between the left and right contour positions (the upper curves in Fig. 1 ). As a next step the computer agorithm determines the position of the obstruction by searching for the minimal diameter value in the diameter function. The length of the selected obstruction site is determined from the diameter function on the basis of curvature analysis and; expressed in millimeters. The detected boundaries of the obstruction are indicated in the diameter function with 2 dotted lines.
In arteries with a focal obstructive lesion and a clearly normal proximal or distal arterial segment, the choice of the reference region is straightforward and simple. However, in cases where the proximal or distal part of the arterial segment shows combinations of stenotic and e&tic areas, the choice may become difficult. To circumvent these problems, we implemented a method to express the severity of a coronary obstruction that does not depend on a user-defined reference region. This technique is denoted "interpolated percentdiameter stenosis measurement." Details have been reported elsewhere.a7 The basic idea behind this technique is computer estimation of the original diameter values over the obstructive region (assuming there was no coronary disease present) based on the diameter function. On the basis of the proximal and distal centerline segments and the computed reference diameter function, the reference contours over the obstructive region can be reconstructed. The results of this technique applied to an aortocoronary bypass graft, successfully dilated and filmed in 2 orthogonal projections, are presented in Figure  1 . The white areas in the figure are measures for the "atherosclerotic" plaque and are defined by the differences between the actual luminal contours and the reconstructed reference contours. The interpolated percent-diameter stenosis is then obtained by comparing the minimal diameter value at the obstruction with the corresponding value of the reference contour in this position (Fig. 1) .
The accuracy of the quantification method has been validated with plexiglass phantoms filled with contrast medium (perspex models).7
Densitometric procedure: To determine the changes in cross-sectional areas of a coronary segment from the density information within the artery, the calibration of the brightness levels in terms of the amount of x-ray absorption (LambertBeer's Law) is required.
The approach we have implemented corrects for spatially variant responses in the imaging chain and for the daily variations in the cinefilm processing.8 For the first part of the chain from the x-ray source to the output of the image intensifier, we assume Lambert-Beer's Law to be valid for the x-ray absorption and apply certain models for the x-ray source and the image intensifier. From the output of the image intensifier up to the brightness values in the digital image, the overall transfer function is measured on a pixel-by-pixel basis by means of 21 calibrated density frames, which are processed simultaneously with the rest of the coronary cinefilm. To better understand the principles of the density measurements in the coronary artery the 2dimensional brightness function of such a digitization matrix is displayed as a 3-dimensional structure with the brightness level plotted alqng the z-axis (Fig. 2B) . The x and y axes of this structure correspond with the horizontal and vertical video scan directions ( Fig. 2A) . The coronary artery can be recognized as a mountain ridge, with a deep pass at the location of the obstruction. On every scanline a profile of brightness values is measured. This profile is transformed into an x-ray absorption profile by means of the transfer function (Fig. 2C) . The background contribution is estimated by an interpolative method and subtraction of this background yields the net cross-sectional absorption profile. Integration of this function results in a measure for the cross-sectional area at the particular scanline. By repeating this procedure for each scanline, the cross-sectional area function is obtained. The severity of the obstruction can now be expressed as a percent area reduction, by comparing the minimal area value at the obstruction with the reference value obtained following an interpolative approach, which is similar to the earlier described method for diameter
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The complete procedure has been evaluated with the cinefilms of perspex models of coronary obstructions.8
Study Groups
The first study group consisted of 120 patients who underwent a successful PTCA between September 1981 and December 1982; within 6 months after the procedure 50 of these patients agreed to undergo repeat cardiac catheterization.
The second study group consisted of 18 patients in whom the densitometric percent-area stenosis technique was used to assess the changes in percent cross-sectional area before and after PTCA. All data were obtained from single projections. The lesions were selected for their extreme severity and symmetric aspect before angioplasty as assessed from multiple views. PTCA was performed according to the technique of Grtintzig, using the equipment of Schneider (20-to 3.0-or 20-to 3.7-mm balloon), using a femoral route. In all cases, the pressure gradient across the obstructive lesion was recorded before and after dilatation. The inflation pressure ranged from 4 to 10 atm and the duration of the inflation was usually 30 to 60 seconds. Attempts at dilating the stenotic lesion were repeated as long as the gradient across the lesion persisted (4 to 10 times). Before the procedure all patients received aspirin and nifedipine; P-blocking drugs were not discontinued. During the procedure heparin and low-molecular-weight dextran were administered intravenously; direct intracoronary injection of nifedipine and isosorbide dinitrate was performed before the dilatation. To visualize the effect of the procedure, coronary angiography was performed immediately before and after transluminal angioplasty. Lateral, anteroposterior, oblique and hemiaxial views were usually obtained. from the detected contours. The severity of the obstructive lesion was expressed in relative percent narrowing and in absolute values in millimeters. For statistical analysis the average value of the measurements obtained in multiple angiographic projections (2 to 6 views) were determined for each person. The results for the 138 lesions of the first study group are summarized in Table I . On the average, the reference diameter remains unchanged after PTCh the obstruction diameter increases from 1.28 f 0.40 mm to 2.24 f 0.57 mm (p <O.OOl); the interpolated diameter stenosis is thus reduced from 62 f 12% to 34 f 15% (p <O.OOl).
Results

In
51-70x
0-50x
. lndtvidual data of change in percent-diameter stenosis for 3 subsets of coronary stenoses according to the initial severtty. In the gocrpwttha.stems&of70%,theUamaterstencskdacreasedonthe avemgafrum76f7% to33f 15%.Intheintermedtategroup(51 to 70%) the diameter stencsts decreased from 63 f 6% to 33 f 15%,andinthblastqoup(Oto50%),itdecreasedfrom42f6%to 25 f 16%.
Three groups of individual data are shown in Figure  3 according to the severity of the interpolated percent diameter stenosis before PTCA. Before PTCA, 26% of the lesions had a percent-diameter stenosis of 71 to lOO%, whereas 58% of the lesions ranged from 51 to ~O??Y.
In the remaining 16% of the lesions that were dilated, the percent-diameter stenosis was less than 51%. In 4 of these patients, PTCA was performed immediately after intracoronary fibrinolysisg; in 18 other instances, we felt justified in dilating a second, less critical lesion during the same session. The quantitative angiographic follow-up of the minimal obstruction diameters in 50 successfully dilated lesions is shown in Figure 4 .
A change superior to the total measurement variability of repeated coronary cineangiography and quantitative analysis (0.44 mm for obstruction diameter, i.e., '2 standard deviations (SD) of difference of duplicate measurements)lO was considered as significant.
In 22 of these lesions, the residual obstruction diameter, measured immediately after PTCA, remained unchanged over a period of 6 months. In 16 other patients, some degree of restenosis occurred and in 12, late further improvement was observed.
In the second group, the densitometric percent-area stenosis was used to assess the changes in cross-sectional area after PTCA and compared with the circular per- cent-area stenosis computed from the diameter measurements. The comparative data are shown in Table  II and Figure 5 . Before PTCA, a good agreement existed between the densitometric percent-area stenosis and the circular percent-area stenosis (SD of the difference = 5.0% area stenosis). After PTCA, important discrepancies between these 2 types of measurements were observed (SD of the difference = 18%~area stenosis). It is suggested that these discrepancies in results after PTCA can be accounted for by asymmetric morphologic changes in luminal cross section, which cannot be assessed accurately from diameter measurements in a single-plane view.
Discussion
Whenever a lesion appears to be of different severity when viewed from multiple projections, asymmetry should be suspected. In this study, asymmetry is considered present when the percent-diameter stenosis measured in 1 angiographic view exceeded that measured in another view by more than 2 SDS of the method used. As previously shown, l"*ll the total measurement variability of repeated coronary cineangiography and % area stenosis 99% M% 97 % quantitative analysis was 7.8% of diameter stenosis. In a previously reported [study,11 when 120 lesions were analyzed in several orthogonal projections, asymmetric lesions were seen in more than half of the patients (Fig.  6 ). This shows that an atheromatous lesion may not always involve the entire circumference of the vessel but frequently results in an asymmetric or eccentric lesion. From postmortem data, 12 it has been proved that a diseased vessel often looks like an exaggerated ellipse in which, ultimately, a slit-like lumen with a crescent shape represents the "artery." It has been argued that this latter aspect is a product of postmortem arterial fixation with sectioning in the unpressurized state,13J4 yet the present data indlicate that this is not an artifact. The corollary of these considerations is that the severity of the lesion to be dilated should be quantitated in as many angiographic prqjections as possible when its efficacy is to be assessed by diameter measurements. For the entire group the mean-diameter stenosis before PTCA was 62%, as an average of multiple views. For the subset of lesions exceeding 50%, it was 69%. This value is almost 10% lower than that commonly reported when values are based 'on subjective reading of angiograms.'5-l7 Such visual interpretation of diameter reductions is subject to systematic overestimation of the severity of the stenosis, as shown by several investigators.lsJs Luminal reductions greater than 90% with minimal obstruction diameter of 0.35 mm are unlikely to be crossed smoothly even by a low-profile deflated balloon catheter, which has a mean diameter of 0.8 mm. A value of 80% of mean-diameter stenosis commonly reported before PTCA corresponds to a 96% reduction of the luminal area. Again, this is unlikely to occur in patients with chronic stable angina because this would have limited the coronary blood flow at rest to a minimum. In fact, such restrictions are incompatible with adequate blood supply unless collateral channels are present.20 A diameter stenosis of 69% measured in a single projection could be consistent with a cross-sectional area stenosis between 80 and 97%, depending on whether a circular or an elliptical model is applied (Fig. 7) .
The results of cross-sectional area measurements obtained in the second study group suggest the creation of asymmetric lesions after angioplasty. As demonstrated elegantly by Block et a121 in rabbit arteries after experimentally induced atherosclerotic lesions, transluminal angioplasty leads to the breaking of the intimal surface of the atherosclerotic lesion. This split may extend to the internal elastic membrane. Angiography performed after such procedures in the rabbit frequently shows an irregular column of contrast in this area. As suggested by the investigators, these irregularities must certainly represent contrast material within the remains of the atherosclerotic plaque. Recently, human coronary arteries that had undergone angioplasty were analyzed. They have shown changes identical to those seen in animal models.22-24 Such a disruption of the medial layer creating a slit-like appendix to the original lumen is shown in Figure 8 . Because this tear in the wall is filled by fibrocellular tissue, it must be inferred that the asymmetric morphologic aspect is not a postmortem artifact.
In conclusion, our angiographic study suggests that changes in the luminal area of an artery produced by the mechanical disruption of its internal wall cannot be assessed accurately from the detected contour of the vessel from a single-plane angiographic view. Therefore, the diagnostic value of this type of measurement is restricted by the fact that the angioplastic changes are eccentric in nature. To obviate this limitation, the use of densitometry to compute cross-sectional areas from single views is advocated.
